Macrocyclic dyes such as phthalocyanine and porphyrin molecules are modeled on (1010) wurzite surfaces using the DFT and molecular dynamics approaches. It is found that the single dye anchored on the wurtzite surface stabilizes in an inclined geometry with its core facing the surface at a tilting angle of ca 60
Introduction
Semiconductor nanostructures hybridized with organic dyes attract significant interest due to their wide application range in solar energy conversion, photonics, sensors, and molecular electronics [1] [2] [3] . Among a relatively large choice of metal oxide templates for organic solar cells, ZnO being an inexpensive and environmentally friendly material with suitable band gap is considered as a promis- ing replacement of TiO 2 . Furthermore, ZnO nanorods have advantages both for experimental studies and the computer modeling due to well-defined wurtzite single-crystalline surfaces often having lateral planes with the same crystallographic orientation (1010) [4] . CdSe quantum dots are another promising class of nanocomponents, which preserve the bulk-like hexagonal wurtzite crystal structure with the most abundant (1010) surface under ambient conditions [5, 6] . Ones of the most developed and studied hybrids based on these nanostructures are their conjugation with macrocyclic dyes such as porphyrin and phthalocyanine (Pc) derivatives [7] [8] [9] . It should be noted, however, that hybrids with phthalocyanines are relatively unexplored due to the moderate energy conversion efficiencies achieved so far for Pcbased dye sensitized solar cells. Probably, the most common and well-known deactivation pathway is the aggregation of dyes, which may increase the nonradiative relaxation rate through intermolecular interactions or other processes sensitive to the aggregation. Reducing the aggregation is crucial for improving the solar cell performance. It has been previously reported that the aggregation can be reduced by adding bulky substituents around the macrocyclic dye core [10, 11] . Employing the different peripheral substituents may also affect the tilt angles for the adsorbed moieties on the semiconductor surface.
Recent experimental publications provide support for the inclined geometry of macrocyclic dyes on the semiconductor surface. Direct transmission electron microscopy measurements of the porphyrin molecules anchored on TiO 2 nanoparticles give evidence of their bending on the surface with an average tilt angle between the plane of the macrocycle and the ZnO surface normal of 53-60 ∘ [12] . The studies of the orientation for several macrocyclic dyes using X-ray reflectometry determine the binding angle in the range of 50-55 ∘ [13] . Ye et al. [14] employed surface sensitive vibrational spectroscopy to investigate the adsorption geometry of porphyrin derivatives on the TiO 2 surface and have established a simple correlation between the geometry and the concentration of longlived electrons in the conduction band of TiO 2 . Based on the spectroscopy measurements, the tilting angle of the porphyrin molecules was estimated as 55-66 ∘ . Since the electron transfer reaction is to a great extent controlled by the conformations of the chromophores on the semiconductor surface plane, a detailed understanding of their orientation and molecular packing on the surface is critical for improving the charge transfer parameters.
An important tool for the analysis of such hybrid structures is the computational modeling. It can address many aspects of practical importance such as arrangements of molecular adsorbates on semiconductor surfaces and the mutual alignment of their energy levels [15] [16] [17] . Herein, we present the density functional theory and molecular dynamics computational modeling of phthalocyanine and porphyrin molecules equipped with different bulky peripheral groups and adsorbed on the most energetically favorable (1010) wurtzite surface which can be used to study both CdSe quantum dot-dye and ZnO nanorods-dye hybrids. Further to a theoretical investigation, we have compared our results with spectroscopic measurements of the differently prepared dyes and discussed the observed correlations.
Models and Methods
The hexagonal wurtzite structure of both ZnO and CdSe is the most common phase under ambient conditions. The structure consists of tetrahedrally coordinated metal cations and chalcogenide anions. The (1010) surface has been chosen as our model surface, since, according to numerous studies, it is the most energetically favorable and, therefore, the most abundant surface for both materials [18, 19] . Furthermore, the (1010) surface is nonpolar, thus allowing the identical terminations on the top and bottom surfaces of the slab. The (1010) surface slabs of 4, 6, and 8 layers were cut from the bulk structure with lateral lattice constants preliminarily optimized for a supercell built out of 2 × 2 × 2 primitive cells of CdSe and ZnO. The vacuum layer along the nonperiodic direction was 40Å.
The six-layer slab has been chosen to study the surface-dye interaction. Due to the quantum confinement in the slab's perpendicular direction, our model is well reproducing the blueshift in energy typical of the CdSe quantum dots [20] . The dye molecules were anchored onto a surface via linkers of various lengths terminated by carboxylic groups attached onto two surface cations in a bidentate bridging mode, which ensures a strongest chemical bonding and is predominant according to previous reports [21] . The hydrogen atom released from the carboxylic acid group was bound to the surface anion atom near the attached moiety to preserve the charge neutrality of the system. The single dye was adsorbed per a surface area of 29 × 31Å, which corresponds to a surface coverage of 1/4 of a monolayer. We chose this coverage to allow the dye to change its orientation and the tilt angle on the surface. Different supercells consisting of 6 × 3 × 6, 6 × 3 × 9, and 6 × 3 × 12 unit cells were used to test the interaction between the neighboring dye molecules. The models were optimized by allowing both surfaces of the slab, dye, and linker, to relax.
We employ the ADF/BAND [22] software for DFT calculations. To describe the electron-electron exchange correlation, two different DFT functionals (5); porphyrin molecule with a benzoic acid linker (6) were used: generalized gradient approximation with PBEsol [23] and GLLB-SC [24] . The latter is based on the direct exchange potential approximation with the correlation potential from PBEsol and has been shown to yield good band gaps for bulk semiconductors [24] . The TZP basis set (a small frozen core) was chosen for all the types of atoms: H, C (1s), N (1s), O (1s), Se (3p), and Cd (3d). The empirical dispersion correction accounting for the van der Waals interactions between dye and the surface was included in the calculations using Grimme's DFT-D3 method [25] .
In order to assess the morphology and conformations of the large chromophore molecules on the wurtzite surface under real conditions, we have carried out a canonical ensemble-molecular dynamics simulations at room temperature (298 K) in a constant volume (NVT-MD) using a Nose-Hoover thermostat, as implemented in the Forcite module of Materials Studio package [26] . The Dreiding force field [27] was used to evaluate the atomic forces, and the 100-ps trajectories for the studied systems were calculated with a 1-ps time step. The nonbonded electrostatic and van der Waals forces were controlled by the Ewald and atom-based summation methods with a cutoff distance of 9.5Å.
Results and Discussion

Coupling effects
Chemical structures of porphyrin and phthalocyanine derivatives used in this study are shown in Fig. 1 . The synthetic details of the compounds differing by the bulky peripheral groups and the length of a linker together with the routine of their spectroscopic measurements were described elsewhere [7] . The role of the linker on the electron transfer occurring in hybrid systems has been the subject of intense investigations for the past few decades [28, 29] . In a simplified model, the charge transfer occurs through space, rather than through the bridge connecting the dye to the surface [14] , and the corresponding electron tunneling mechanism is described by the exponential distance dependence. Besides the effect of solvent [12, 14] , the linker to a great extend determines the distance between the dye and surface and their mutual orientation, which affects the electronic coupling between the two units. Accordingly, we have calculated porphyrin structures without peripheral substituents (compound 6 ) bound to the zinc oxide surface via the phenylbutyric acid spacer with angles ranging from 10 ∘ to 70 ∘ . When porphyrin is tilted and twisted with its core facing the surface, the energies of its LUMO and HOMO decrease due to the attractive porphyrin-surface interactions until the energy minimum is reached at a tilting angle of ca. 60 ∘ . The latter value is in good agreement with the experimental estimations mentioned above. The main cause for a downshift of the frontier orbitals of porphyrin is the larger interaction of the -orbital of dye's core with orbitals at the semiconductor surface. This conclusion is supported by the observed broadening (ca. 0.02 eV) of the frontier orbitals of a chromophore at the tilting.
In perturbation theory, the coupling between the orbitals results in the removal of a degeneracy at the crossing point of the corresponding levels. Accordingly, we estimated the coupling strength between the lowest level of the ZnO conduction band and the porphyrin LUMO level as the vertical distance between them at avoided crossing area. These data are taken from the DFT band structure calculations and listed in Tabl. 1 for different tilt angles. It was found that the coupling strength between the orbitals increases at the tilting of the dye.
Effects of morphology
Since the electron density of an excited molecular orbital is distributed over the conjugated -system of a macrocycle, the distance from the ring edge to the semiconductor surface is one of the key parameters to compare the rates of photoinduced electron transfer for different dyes. Due to the expected exponential distance dependence of the electron transfer dynamics, even a modest change of the angle (and thus, the distance) may have a substantial impact on the transfer rate. Furthermore, equipping a molecule with bulky peripheral groups may affect the tilting angle due to steric restrictions. We chose compounds 1 -4 from Fig. 1 to investigate the role of the linker length and different peripheral groups. The electron injection time constants measured by the transient absorption spectroscopy and the corresponding distances between the ZnO (1010) surface plane and the nearest edge of the macrocycle core calculated by DFT for relaxed arrangements of the dye molecules on the semiconductor surface are listed in Tabl. 2. Results of DFT modeling are in good agreement with the ones obtained by molecular dynamics simulations performed in the previous study [7] . Out of the four phthalocyanines presented in Tabl. 2, the slowest electron injection is observed for compounds 1 and 2 that have the most bulky peripheral groups. These two phthalocyanines are the most restricted when approaching the ZnO surface. The specific structure of 3 and 4 allows their macrocycle cores to appear closer to the surface. Since modeled molecules with shortest edgeto-surface distances exhibit the fastest electron injection times observed experimentally, we can deduce that the electron transfer reactions are largely controlled by the distance between the dye and the semiconductor surface plane. As noted previously [7] , the electron injection time does not correlate with the length of the linker connecting the Pc to ZnO. Indeed, the electron injection time constants for 1 and 2 are practically the same, even though 2 has a longer linker, and one would expect a longer distance be- tween the Pc core and the ZnO surface, leading to a slower injection. Modeling provides insight on the observed discrepancy indicating that a longer linker ensures a high flexibility for the anchored molecule. In particular, compound 2 with a longer linker strongly tilts toward the surface. Thus, the difference in the edge-to-surface distances for compounds 1 and 2 is vanishing that eventually results in comparable injection time constants for these two Pcs.
Aggregation effects
One of the goals in sensitizing semiconductors with organic dye molecules is to make the dye monolayer as dense as possible. Unfortunately, the higher the monolayer density, the higher the aggregation of dyes, which introduces alternative channels for the relaxation of excited states and reduces the efficiency of the electron injection. A common practice to minimize the undesirable effects caused by aggregation is to equip the molecule with bulky peripheral groups that do not allow two dye molecules to stack together, but have no effect on the photophysical properties of the chromophores. Figure 2 illustrates relaxed geometries of the unmodified Pc molecule (compound 5 ) and Pcs decorated with various aggregation-reducing groups (compounds 3 and 4 ) at different surface coverages. The lonely stayed unmodified molecules tend to tilt on the surface. While, in a dense monolayer, they form a serpentine-like structure, pointing out on the strong intermolecular interactions between the aggregated phthalocyanines. An important outcome of the modeling is that the closely packed bulky dyes stay more upright at the separation length comparable with their spread size due to the interaction between the extended peripheral groups of the neighboring Pcs. Out of compounds 1 -4, compound 3 is the least protected from intermolecular interactions and, therefore, is the most aggregated one. This is corroborated by the time resolved spectroscopy measurements [7] , which exhibit the appearance of a sharp transient absorption band at 995 nm for ZnO samples modified with compound 3. This band corresponds to the Pc anion and is not observed for other samples. The most reasonable cause for the anion formation is the intermolecular charge separation in the Pc aggregates. This process can compete with the electron injection into ZnO and may reduce the efficiency of the system. It is worth noticing that the characteristic time of the Pc motion on the ZnO surface estimated by molecular modeling is in the range 50-100 ps, rel in Tabl. 2. In the samples additionally covered by SpiroOMeTAD, a hole-transporting material, the primary charge separation is shifted to Pc | Spiro-OMeTAD interface generating a Pc anion. Then the anion injects an electron to ZnO with the time constant listed in Tabl. 2 as ET . The values of rel and ET are close to each other, indicating that the molecular motion can be in control over the electron transfer at few tens of ps or longer time. However, this motion does not affect the electron injection of the excited Pc, which is much faster (<15 ps).
Electronic effects
Though the simplified model considering the distance between the moieties as a key factor, which determines the electron transfer reaction, is applicable in many cases, the charge transfer in hybrids is a complex process controlled by the interplay between conformation and electron-induced effects at the interface. We studied this effect on the Pc molecule without peripheral substituents, e.g., compound 5.
In particular, we found that the tilting of a Pc molecule toward the surface leads to a lowering of its Fig. 2 . Effect of the surface density of phthapocyanine molecules unmodified (compound 5 ) and modified with bulky peripheral groups (compounds 4 and 3 ) on their tilting angle on the ZnO (1010) surface. Distance between the centers of macrocycle cores is denoted as frontier orbitals relative to the lowest level of the conduction band of the semiconductor, see Fig. 3 . Calculations of the tilted molecule using the GLLB-SC functional resulted in a configuration, where the energy level of the dye's LUMO becomes lower than the conduction band minimum of the CdSe slab. Thus, in spite of shortening the distance between the substrate and the sensitizing dye, the tilting of the molecule may inhibit an electron transfer reaction in the system. The obtained results are consistent with the recently reported lack of electron transfer from the LUMO of Pc to CdSe quantum dots [20] . Another factor that makes charge transfer from a macrocycle to the semiconductor surface unfavorable is increasing the number of peripheral groups around the dye, which leads to a lowering in the energy of the HOMO/LUMO system of a chromophore. Earlier, we have found that the saturation of Pc with eight phenylbutyric acid linkers attached to the macrocycle via an oxygen atom (as in compound 5, Fig. 1 ) causes a significant downward shift (0.1-0.3 eV) in frontier orbital energies [8] . The linker can also play a substantial role in electron transfer by providing the through-bond electron tunneling mediated by a bridge. In the latter case, the presence of electronic states in a linker close in energy to those involved in Fig. 3 . Shifting the bands of a CdSe slab and an anchored phthalocyanine molecule at the tilting of the dye with respect to the surface. HOMO and LUMO correspond to the phthalocyanine highest occupied and lowest unoccupied orbitals, VBM and CBM -valence band maximum and conduction band minimum of the CdSe slab, and Linker reflects the energy position of the phenyl group orbital of the bridge the electron transfer reaction may strongly alter the rate of charge transfer, also in cases where the electron is never localized in the bridge. Accordingly, we have found that the occupied energy state associated with the phenyl group of the linker is located between the valence band maximum of CdSe and the HOMO of Pc (Fig. 3) , which ensures a suitable wiring pathway or virtual states for the hole transfer from cadmium selenide to Pc in their hybrid structures. The enhanced bridge conjugation serves as a better holetunneling channel, by pointing to the possible electron donor behavior of a phthalocyanine molecule in its hybrids with CdSe nanostructures.
Conclusions
The single macrocyclic dye anchored on the wurtzite surface via a phenylbutyric linker stabilizes in inclined geometry with its core facing the surface at a tilting angle of ca. 60 ∘ , while the closely packed bulky dyes stay in a more upright position due to the interaction with their neighbors. The proper choice of the peripheral substituents strongly affects the structure of the organic layer and opens opportunities for both reducing the aggregation of chromophores and the facilitation of the electron transfer reaction.
The tilting of dyes has a dual effect on the photoinduced charge transfer as a result of the interplay between the conformational and electronic effects. Obviously, shortening the distance between moieties enhances the tunneling probability for the electrons. On the other hand, the unfavorable relative position of the bands induced by a strengthening of the electronic interactions at the tilting may inhibit the electron transfer reaction between the dyes and the surface. Furthermore, we have found that a phenylbutyric linker may also have a twofold effect on the charge transfer by mediating the mutual conformation of the moieties and providing a suitable intermediate state for the hole transfer from the valence band of the semiconductor to a dye. 
